The genomes are folded in a complex three-dimensional (3D) structure. Some features of this organization are common for all eukaryotes, but little is known about its evolution. Here, we have studied the 3D organization and regulation of zebrafish globin gene domain and compared its organization and regulation with those of other vertebrate species. In birds and mammals, the a-and b-globin genes are segregated into separate clusters located on different chromosomes and organized into chromatin domains of different types, whereas in cold-blooded vertebrates, including Danio rerio, aand b-globin genes are organized into common clusters. The major globin gene locus of Danio rerio is of particular interest as it is located in a genomic area that is syntenic in vertebrates and is controlled by a conserved enhancer. We have found that the major globin gene locus of Danio rerio is structurally and functionally segregated into two spatially distinct subloci harboring either adult or embryo-larval globin genes. These subloci demonstrate different organization at the level of chromatin domains and different modes of spatial organization, which appears to be due to selective interaction of the upstream enhancer with the sublocus harboring globin genes of the adult type. These data are discussed in terms of evolution of linear and 3D organization of gene clusters in vertebrates.
Introduction
DNA in eukaryotic cell nucleus is folded into a complex threedimensional (3D) structure and compacted >10,000 times. Recent advances in development of chromosome conformation capture (3C) techniques allowed to understand the principles of genome folding. The basic unit of eukaryotic genome folding was found to be a Topologically Associating Domain (TAD), a structure ranging in size from 100 to 1,000 kb and spatially insulated from neighboring DNA (Dixon et al. 2012 (Dixon et al. , 2016 Dekker and Heard 2015) . While TADs are being actively studied now, little is known about their evolution. Although it was reported that TADs are strongly conserved (Dixon et al. 2012; Jin et al. 2013) , their evolution was as well traced upon comparison of the 3D genome organization of particular genomic regions in different animals (Gomez-Marin et al. 2015; Lonfat and Duboule 2015) . In this respect, the study of 3D folding and organization of TADs in syntenic genomic regions of different species is of particular interest. The aand b-globin genes emerged as a result of duplication and subsequent diversification of the ancestral protoglobin gene (Hoffmann et al. 2012) . In cold-blooded vertebrates, the aand b-globin genes are located at a common locus. (Chan et al. 1997; Maruyama et al. 2004; Fuchs et al. 2006; Hardison 2008 Hardison , 2012 . This organization is believed to be preserved from the prototype globin gene locus of the common ancestor of cold-and warm-blooded vertebrates (Hardison 2008; Patel et al. 2010) . In warm-blooded vertebrates, the a-and b-globin gene loci are segregated and are located on different chromosomes (Recillas-Targa and Razin 2001) . Segregation of the aand b-globin genes is likely to have occurred via disruption of the ancestral locus (possibly as a result of chromosomal translocation) followed by selective loss of either a-or b-type globin genes (Patel et al. 2008) . Although a-and b-globin genes of warm-blooded vertebrates have common evolutionary origin and encode subunits of the same protein (hemoglobin), they are organized in genomic/chromatin domains of different types (Razin et al. 2003) .
The domains of b-globin genes are inserted into an array of unrelated olfactory receptor genes (Bulger et al. 1999) and are protected by flanking insulators (Tanimoto et al. 1999; Burgess-Beusse et al. 2002; Farrell et al. 2002) . The locus control region (LCR) regulating expression of b-globin genes is located within an insulated area upstream of the first gene of the domain. The b-globin gene domain is DNase I sensitive and early replicating exclusively in erythroid cells (Forrester et al. 1990 ). CTCF-dependent insulators flanking the domain are likely to interact with each other, placing the domain into a chromatin loop (Palstra et al. 2003; Ulianov et al. 2012 ).
a-Globin gene domains are located in permanently open (DNase I-sensitive) chromatin regions (Craddock et al. 1995; Razin et al. 2003) . The major regulatory element (MRE) controlling expression of a-globin genes is located within an intron of the housekeeping gene NPRL3 located upstream of the domain (Higgs et al. 1990; Jarman et al. 1991) . In several studied cold-blooded vertebrates, an erythroid-specific enhancer similar to the MRE was found in an intron of the NPRL3 gene upstream of the joint cluster of a/b-globin genes (Flint et al. 2001; Hughes et al. 2005) . Thus, the link between the NPRL3 gene and the globin gene cluster appeared early in evolution of vertebrate animals and is strongly conserved Hughes et al. 2005) . Furthermore, the whole upstream region of the a-globin gene domain in warmblooded vertebrates is syntenic with the a/b-globin gene domain in cold-blooded vertebrates (Tufarelli et al. 2004; Hughes et al. 2005; Hardison 2008 Hardison , 2012 .
We assume that globin gene domains of some modern cold-blooded animals retain certain features of the ancestral domain. If this supposition is correct, study of the structural and functional organization of these domains may shed light on the evolutionary process that resulted in segregation of the a-and b-globin genes into two differently regulated domains in warm-blooded vertebrates. Following this logic, we have studied here the functional and structural organization of the Danio rerio (zebrafish) major a/b-globin gene locus (MABGL). In zebrafish, there are two loci harboring globin genes: the major locus residing on chromosome 3 and the minor locus residing on chromosome 12 (Ganis et al. 2012) . Importantly, each of these loci contains both a-and b-globin genes. Similarly to mammals, zebrafish express various development stage-specific forms of globin chains (Ganis et al. 2012) . Expression of hbbe3 located in the minor locus can be traced up to day 3 of embryonic development. Other embryonic and embryo-larval globin genes present in both the minor and the major loci are expressed up to day 24 of development. At later stages, only adult type globin genes (all located in the major locus) are expressed (Ganis et al. 2012) .
To obtain more insight into the structural and functional organization of the zebrafish MABGL, we studied the histone H3 panacetylation profile and the spatial organization of the locus. The data obtained support the supposition that the embryo-larval and adult subloci of the MABGL constitute segregated structural and functional gene clusters of which only the adult one is controlled by MRE. Moreover, we found that the spacer region between the adult and embryo-larval subloci harbors a CTCF-dependent insulator. Assuming that the ancestral a/b-globin gene locus was also segregated into structural-functional subloci separated by an insulator, we propose that the presence of this insulator allowed a part of the locus to preserve a certain degree of autonomy after translocation to another chromosome and to form an ancestral locus of b-globin genes. Furthermore, it appears that the globular spatial organization of globing gene domains has certain evolutionary advantages over the linear spatial organization. This may be due to a possibility of coordinate regulation of several genes by a common enhancer.
Results
Histone H3 Acetylation Profiles Reveal Distinct and Development Stage-Specific Chromatin Organization of the Zebrafish MABGL Subloci
The major locus of the zebrafish globin genes is located downstream from the NPRL3 gene (also known as C16orf35 in mammals), which harbors the erythroid-specific enhancer (major regulatory element, MRE). The zebrafish MABGL consists of two subloci differentially expressed in a stage-specific manner (Brownlie et al. 2003; Ganis et al. 2012 ) and separated by an 8.3-kb spacer region (see schematic in fig. 1A ). The adult sublocus contains six adult globin genes organized into three a/b pairs, two of which (ba1-aa1) are virtually identical.
Although the switching from embryo-larval to definite erythropoiesis occurs $24 days after fertilization (24 dpf) (Ganis et al. 2012) , there could be certain deviations from this average time due to asynchrony of the population. Using quantitative RT-PCR analysis with TaqMan probes specific to exon-intron junctions of globin genes within the MABGL, we found that in erythroid cells collected at 18 dpf, only embryolarval globin genes (be1, ae1, ae3) are transcribed ( fig. 1B) . However, at 20 dpf, both embryo-larval and adult (aa1, ba1, ba2) genes are expressed. Thus, at day 20, at least in some individuals present in the population, adult erythropoiesis started to replace embryo-larval erythropoiesis ( fig. 1C ). As expected, in adult fish, only globin genes of the adult type are transcribed ( fig. 1D ). For our study, it was essential to compare MABGL organization under conditions when either the embryo-larval or adult gene cluster of the locus is exclusively active. Thus, in all downstream experiments, we used 18 dpf larvae as a source of erythroid cells where only embryo-larval globin genes were active, and we used adult fish as a source of erythroid cells expressing only adult globin genes. As a negative control, we used RNA extracted from cultured Danio rerio fibroblasts. As expected, no globin gene transcripts were detected in these cells (data not shown).
It seems likely that functional partitioning of the MABGL into adult and embryo-larval subloci should correlate with their different epigenetic status in larvae and adult fish. To test this supposition, we characterized the genome-wide profile of histone H3 panacetylation (H3panAc) in both larval Genome 3D Organization . doi:10.1093/molbev/msx100 MBE and adult erythroid cells using the ChIP-seq technique. Histone panacetylation is a broad range marker that tends to form extended enriched regions (domains) rather than punctate peaks. It has been reported that popular peakcalling algorithms perform very differently especially when used with various broad markers (Rye et al. 2011; Thomas et al. 2016) . To call H3panAc domains, we developed a simple pipeline (see supplementary methods, Supplementary Material online) that utilizes a sliding window approach and input signal subtraction to identify genome areas enriched with ChIP-reads. To verify our results, we also employed a commonly used peak caller MACS2 (Zhang et al. 2008 ), which utilizes a complex peak calling procedure and is capable of detecting extended domains. The resulting H3panAc domains were calculated as the intersection of the domains called by both algorithms, which should finally output regions of agreement among the two methods used.
The H3panAc profiles within the MABGL subloci for larval and adult erythroid cells are strikingly different ( fig. 2) . In larvae, the embryo-larval sublocus consists of small fragmented acetylation domains separated from each other and covering the globin gene bodies with nearby flanks; intergenic regions are not acetylated ( fig. 2A ). The detected domains are characterized by a relatively low level of ChIP-seq signal indicating moderate acetylation enrichment. The adult sublocus, which is transcriptionally silent in larval cells, completely lacks H3 acetylation.
In contrast, in adult erythroid cells, no H3 acetylation is detected within the embryo-larval sublocus, whereas the adult sublocus contains three H3panAc domains ( fig. 2B ). The largest one, covering two adjacent ba1-aa1 gene pairs (the most highly transcribed globin genes within the MABGL in adult fish, fig. 1D ), exhibits $4-fold higher ChIP-seq signal value than H3panAc domains of the embryo-larval sublocus in larval erythroid cells. Notably, the intergenic regions within the above-mentioned three domains are highly acetylated as well. Within the spacer region between the adult and embryo-larval subloci, a very small domain of acetylation is located immediately upstream of the be1 gene (the first gene of the embryo-larval cluster). This domain co-localizes with a previously mapped DNase I hypersensitive site (Ganis et al. 2012) and CTCF binding site possessing enhancer-blocking activity (CTCF-binding site, CBS4, see below). Upstream of the strong hyperacetylated domain harboring the adult-type 
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The barplots demonstrating the relative levels of primary transcripts of the adult and embryo-larval globin genes at the RNA samples isolated from a whole zebrafish at the indicated development stages, as described in Materials and Methods section. ("dpf" is an abbreviation of "days post-fertilization"). The data were normalized to the level of the SLC4A1A primary transcript. The error bars represent the standard error in measurement (SEM) for three independent experiments.
Kovina et al. . doi:10.1093/molbev/msx100 MBE globin genes, there is one small acetylation domain covering the ba2-aa2 gene pair, which is weakly expressed in adult erythroid cells ( fig. 1D ). Interestingly, the MRE enhancer is located within the H3panAc domain in both larval and adult erythroid cells ( fig. 2 ). Because MRE is unlikely to be involved in regulation of embryo-larval globin genes in a native chromosomal context (see below), the presence of this MRE-associated H3panAc domain in larvae may reflect a "poised" enhancer state.
Similarly structured H3panAc domains were obtained (supplementary fig. S1 , Supplementary Material online) when we used a union of the outputs from our pipeline and MACS2 instead of the intersection (in this case, an acetylation domain was held true if it was called by at least one method). This observation strongly suggests that the identified H3 panacetylation domain profiles in the MABGL do not differ depending on the method used.
The Adult and Embryo-Larval Subloci Are Largely Isolated from Each Other within the Nuclear Space
As revealed by transcription analysis and H3panAc profiling, the embryo-larval and adult subloci of the MABGL constitute largely independent gene clusters in terms of gene expression and chromatin epigenetic state. To check whether this corresponds to changes in large-scale chromatin topology accompanying switching from embryo-larval to definite erythropoiesis, we performed 5C analysis (Dostie et al. 2006 ) of the 150-kb chromosome region harboring the MABGL and its flanks. We used the frequently cutting MboI restriction enzyme for the 3C library preparation and 164 oligos designed with the my5C online tool (Lajoie et al. 2009 ) to convert 3C junctions into a 5C library (see supplementary methods, Supplementary Material online for the experimental details and supplementary table S1, Supplementary Material online for the oligo sequences).
In both larval and adult erythrocytes, the MABGL demonstrates a generally similar profile of chromatin contacts ( fig. 3A and B): the adult sublocus is enriched with chromatin interactions compared with the embryo-larval one and forms a clearly visible contact domain, whereas the embryo-larval part is relatively depleted in chromatin interactions. To systematically analyse the 5C profiles, we arbitrarily subdivided the entire MABGL into two contact domains, CD1 and CD2 ( fig. 3A and B) , harboring the adult and the embryo-larval genes, respectively, and demonstrating different profiles of H3 panacetylation (see the previous section). Note that the MRE enhancer is included in the CD1 domain as this enhancer interacts with the adult but not the embryo-larval globin genes (see below). First, we calculated the distributions of the 5C counts between the cluster of adult genes (magenta-colored box below the heatmaps in fig. 3A and B) and flanking regions: the rest part of the CD1 encompassing the NPRL3 gene (including MRE) (highlighted in violet in fig. 3A-C) and the major part of the CD2 harboring embryolarval globin cluster (highlighted in light blue in fig. 3A -C).
In larval blood cells, the adult globin cluster interacts with these regions at evenly low frequency ( fig. 3C ). The switch of globin gene expression is accompanied by remarkable alterations in the levels of chromatin contacts inside the CD1. In adult erythrocytes, the interaction frequency between the adult globin gene cluster and MRE-containing part of the NPRL3 gene dramatically increases ( fig. 3C , P value is 7.6 Â 10
À4
, two-tailed Wilcoxon's signed-rank test) while the interactions between adult and embryo-larval gene clusters retain at low level ( fig. 3C ). Presumably, this reflects the formation of the active chromatin hub between the MRE and the adult globin gene promoters that has been observed in a high-resolution 3C analysis (see below). Additionally, it makes the entire CD1 significantly enriched with chromatin interactions in adult erythrocytes compared with the larval erythrocytes ( fig. 3D ) (P value is 0.027, one-tailed Wilcoxon's signedrank test). In contrast, the distribution of the 5C counts within CD2 does not significantly change upon the switch from embryo-larval to definite erythropoiesis ( fig. 3D) . Thus, the adult and embryo-larval subloci of the MABGL exhibit different properties of a large-scale chromatin topology and are largely separated from each other in the nuclear space especially in adult fish. These observations suggest that the adult and embryo-larval gene clusters are organized into distinct structural units at the level of DNA packaging into chromatin.
The Chromosomal Segment Encompassing the MRE and the Adult Sub-Locus of the MABGL Is Flanked by CTCF-Binding Sites
The abrupt change in the profile of histone acetylation at the border of the adult and embryo-larval subloci of the zebrafish MABGL and the spatial isolation of the subloci from each other suggest that an insulator is located between them. To test this supposition, we first searched for putative CTCF binding sites across the whole MABGL (see Methods). 2B ). To find out whether these binding motifs are indeed occupied by CTCF in erythroid cells, we performed chromatin immunoprecipitation experiments. Taking into account the high degree of identity of zebrafish and human CTCF (Pugacheva et al. 2006) , we used commercially available rabbit polyclonal antibodies against human CTCF. As a positive control, chromatin from zebrafish erythrocytes was mixed with chromatin from chicken erythrocytes before immunoprecipitation. This allowed registering the presence of CTCF at a bona fide binding site from the chicken lysozyme gene (Baniahmad et al. 1987) . qPCR analysis of immunoprecipitated chromatin demonstrated $5-fold enrichment for the CTCF-binding site from the chicken lysozyme locus. A similar or even a higher level of enrichment was observed for the predicted zebrafish CTCF-binding sites CBS1 and CBS2 located 8-10 kb upstream to MRE and between the embryo-larval and adult sections of the MABGL (CBS4). This enrichment was observed in chromatin from both larval and adult erythroid cells ( fig. 4A and B) . Thus, we concluded that in both cases the three above-mentioned binding sites are occupied by CTCF. The low-scored CBS3 site demonstrated moderate CTCF binding in larval but not in adult erythroid cells. As expected, exonic regions of globin genes (aa1, be1 and ae1) were not overrepresented in CTCF-bound chromatin fractions from either larval or adult erythroid cells ( fig. 4A and B).
Adult and Embryo-Larval Subloci of the MABGL Are Separated by an Enhancer-Blocking Element
In addition to mediating the activity of insulators (BurgessBeusse et al. 2002) , CTCF is known to perform various other functions (Phillips and Corces 2009; Ghirlando and Felsenfeld 2016) . Taking into account the full set of observations presented earlier, we hypothesized that CTCF bound to the border between the major globin gene subloci (CBS4) mediates MBE functional separation of these subloci, i.e., acts as an enhancer blocker. To test this supposition, we assayed the corresponding DNA fragment for enhancer blocking activity in a transient transfection experiment with circular constructs, as was previously described (Recillas-Targa et al. 1999) . As cultured erythroid cells of zebrafish are currently unavailable, we performed transfections into chicken erythroblastoid cell line HD3. In this regard, it should be noted that heterologous cellular models are frequently used to study regulatory elements of the zebrafish genome (Zhu et al. 2012; Silva and Conceição 2015) . The basic construct for transfections contained the firefly luciferase gene driven by the promoter of the zebrafish be1 gene. The MRE enhancer was cloned downstream of the luciferase gene. The tested DNA fragment (CTCF-binding site) was cloned between the MRE and the luciferase gene. To prevent action of the MRE in the opposite direction, two copies of the FII insulator from the chicken b-globin domain were cloned upstream of the promoter (see the schematic at the left side of fig. 4C ). The MRE ensured 4.5-fold activation of reporter gene transcription. This effect was, however, fully suppressed when the tested DNA fragment harboring the CTCF-binding site was cloned between the MRE and the luciferase gene ( fig. 4C ), confirming the hypothesis of strong enhancer-blocking activity of this CTCF-binding site.
The MRE Does Not Form an Active Chromatin Hub with Embryo-Larval Genes in the Native Chromosomal Context
As outlined in the introduction, the erythroid-specific enhancer (MRE) located in an intron of the NPRL3 gene upstream of the globin gene cluster (a-globin gene cluster in warm-blooded vertebrates and joint a/b-globin gene cluster in cold-blooded vertebrates) has been found in a variety of organisms. It has been reported previously that, in transgene expression experiments, the MRE of MABGL is able to activate promoters of both adult and embryo-larval globin genes (Ganis et al. 2012) . However, it is not clear whether MRE activates both adult and embryo-larval promoters in the native chromosomal context. The looping model of enhancer action assumes that an enhancer should directly interact with the target promoter (Krivega and Dean 2012) . Furthermore, in human, mouse and chicken domains of a-globin genes, the MRE participates in the assembly of stage-specific activator complexes that include promoters of either adult or embryonic/fetal globin genes (Vernimmen et al. 2007 (Vernimmen et al. , 2009 Di et al. 2008; Gavrilov and Razin 2008) . To find out whether, in zebrafish, the MRE also activates promoters of adult and embryo-larval genes in a stage-specific fashion, we inspected the spectrum of spatial contacts of the MRE in both larval and adult erythrocytes. The resolution of 5C experiments discussed in the previous section is not high enough to register interactions with individual promoters. Thus, we performed 3C experiments with the anchor primer placed at the MRE and several other anchor and test primers scattered over the entire MABGL ( fig. 5A ). In an experiment with the anchor placed at MRE, we found that MRE does not interact with the embryo-larval globin promoters in either of the developmental stages ( fig. 5B and C, anchor 1) . The same result was obtained in a reciprocal experiment with the anchor primer placed at the promoter of embryo-larval gene ae1 (referred to as hbae1 and chr3.2178 in fig. 1A) (fig. 5B , anchors 8 and 13). In contrast, as expected, MRE interacts with the adult globin promoters in erythroid cells from adult fish, but not from larvae ( fig. 5B and C anchors 1, 2, 5 ), . A scheme of the used constructs is shown to the left. "be1.1" is the promoter of the first embryo-larval globin gene (hbbe1.1, see fig. 1A ). "CTCF" is the tested DNA fragment 277 bp in length containing CTCF binding site (genomic coordinates 55964844-55965120 in GRCz10/danRer10 genome assembly). "MRE" is the major regulatory element of the zebrafish major globin gene locus. "F2" is the CTCF-dependent insulator from the chicken lysozyme locus. The activity observed for the be1.1 promoter alone was arbitrary considered as "1.0".
Genome 3D Organization . doi:10.1093/molbev/msx100 MBE confirming the existence of regulatory MRE-adult globin gene promoters chromatin loops previously extensively reported in warm-blooded vertebrates (Vernimmen et al. 2007 (Vernimmen et al. , 2009 Di et al. 2008; Gavrilov and Razin 2008) . The only interaction observed in both larval and adult erythrocytes is a contact of MRE with the CBS4-CTCF-occupied boundary region between the adult and embryo-larval subloci ( fig. 5B and C anchors 1 and 7). It is possible that MRE is actually tethered to this region by interaction between the CBS1, CBS2 and CBS4. Alternatively, MRE may directly interact with the CBS4. To choose between these two possibilities we performed 3C analysis with the anchor placed on the CBS4 (anchor 7) and test primers placed at MRE, a spacer region between the MRE and CBS1/CBS2, and at CBS1. The results presented in supplementary figure S2 , Supplementary Material online, demonstrate that, in embryo-larval erythrocytes, the CBS1 and MRE interact independently with the CBS4, as there is a drop of 3C signal on the spacer between MRE and the CBS1.
In adult erythrocytes, all tested fragments demonstrate similar level of interaction with the CBS4, apparently because of a more compact 3D organization of the whole CD1 region (see fig. 3 ). Adult globin promoters in adult cells do also interact with CBS4, as well as with each other ( fig. 5C , anchors 2, 5, 7), but not with intergenic regions, as revealed by the experiment with the anchor placed at the ba1-promoter and test primer number 4 placed between the first and second adult gene pairs ( fig. 5C, anchor 5 ). It appears that, in adult fish, promoters of all adult genes interact with each other, with MRE and with the CTCF-occupied boundary between the MABGL subloci forming a complicated loop structure. In contrast, the spatial structure of the embryo-larval sublocus appears to be more homogeneous, as well-defined looping between the promoters is not observed here: the ae1-promoter interacts with other promoters of the embryo-larval sublocus at the same frequency as with the intergenic region ( fig. 5B , anchor 8, test primer 12). Collectively, the results of the 3C experiments described here strongly suggest that MRE in the native chromatin context activates only adult globin genes of the zebrafish MABGL. 
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Discussion
The evolution leads to constant changes in genomes. The changes at the level of linear genome organization are often accompanied or even preceded by changes at the level of 3D genome organization that may drastically affect the established regulatory networks. So far, little is known about evolution of genome 3D configuration. Globin gene clusters constitute good models to study the principles and evolution of genome folding in different species. The evolution of globin gene clusters in vertebrates have been extensively discussed in the literature (Gillemans et al. 2003; Hardison 2008 Hardison , 2012 Hoffmann et al. 2012; Opazo et al. 2013; Schwarze and Burmester 2013 ). It appears that modern clusters of a-and b-globin genes of warm-blooded animals evolved from an ancestral locus that was located close to the evolutionary conserved genes MPG and NPRL3. It was proposed to call this locus MN according to the names of these flanking genes (Hardison 2012) . In mammals and birds, this locus harbors aglobin genes expressed under control of an evolutionary conserved erythroid-specific enhancer called the Major Regulatory Element (MRE) present also in the MN locus of cold-blooded vertebrates (Higgs et al. 1990; Flint et al. 2001 ). Besides a-globin genes the locus contains a number of housekeeping genes. For this reason it resides in an open (DNase Isensitive) chromatin configuration in cells of different lineages (Craddock et al. 1995) . In bony fish the MN locus harbors both a and b globin genes organized in divergent pairs and consequently transcribed in opposite directions (Chan et al. 1997; Maruyama et al. 2004; Ganis et al. 2012) . For some reason this organization that allows for a simple coordination of a-and b-globin genes expression was lost in evolution. Already in X. tropicalis, the a-and b-globin genes are mostly segregated (Fuchs et al. 2006) .
In warm-blooded vertebrates, a-and b-globin genes became fully segregated in separate loci organized into chromatin domains of different types (open and closed domains; Recillas-Targa and Razin 2001; Razin et al. 2003) that are located on different chromosomes. Such segregation is believed to be a result of multiple duplications, translocations and secondary loss of either a-or b-globin genes in segregated clusters (Jeffreys et al. 1980 ). The active erythroid-specific b-globin locus inserted into a repressed genomic segment is separated from repressive chromatin by insulators present in both upstream and downstream flanks of the domain (Razin et al. 2003) . In an attempt to trace the evolution of these domains, one could hardly imagine that an active globin gene domain had been first inserted into an array of inactive genes and then became protected by insulators. In this scenario, the globin gene domain would simply be incapable of working in a new chromosomal position after translocation. It seems much more probable that the translocated globin gene domain already possessed its own insulators (Hardison 2008) .
The data presented here demonstrate that the embryo-larval and adult subloci of the Danio rerio MABGL constitute segregated structural and functional gene clusters of which only the adult one is controlled by MRE. The MABGL subloci are separated by an insulator (CBS4) that harbors a CTCF binding site occupied in both larval and adult erythroid cells. Assuming that the ancestral a/b-globin gene locus was also segregated into structural-functional subloci separated by an insulator, we propose that the presence of this insulator allowed a part of the locus to preserve a certain degree of autonomy after translocation to another chromosome, which might have facilitated subsequent formation of an insulated ancestral locus of b-globin genes.
Current attempts to reconstruct the evolutionary events commonly consider only the linear structure of the genome. However, it becomes increasingly evident that many regulatory events occur at the level of 3D genome organization (Razin and Vassetzky 2016) . The spatial blocks of the genome known as topologically associating domains appear to constitute functional genomic domains and evolutionary units (Nora et al. 2013; Pope et al. 2014; Ibn-Salem et al. 2016) . In mammals, the topologically associating domains are assembled from smaller looped and ordinary contact domains (Rao et al. 2014) . The bases of looped domains are fixed by CTCF and cohesin. It has been reported that these looped domains constitute insulated neighborhoods that confine the activity of enhancers to specific target genes (Dowen et al. 2014) .
In this regard it is reasonable to assume that 3D organization of the genome imposes certain evolutionary constrains that currently remain underestimated. Looking at the 3D organization of the vertebrate globin gene domains ( fig. 6 ) one can trace a tendency to the folding of chromosomal segments into globular structures Sanyal et al. 2011 ) facilitating assembly of regulatory complexes known as active chromatin hubs . Interestingly, in D. rerio MABGL only the adult section adopts compact configuration in erythroid cells, as shown by 5C analysis (fig. 3A) . The adult sublocus of the MABGL has a relatively compact spatial structure (globule) already in larvae. The formation and maintenance of this globule may be at least partially explained by the formation of a loop between the CTCF binding sites located right upstream to MRE and the CTCF binding site located within the border between the adult and embryo-larval subloci of the MABGL. The loop flanked by CTCF sites and encompassing a strong erythroid-specific enhancer (MRE) along with the target globin genes closely resembles the insulated super-enhancer domains described by Dowen et al. (2014) . The adult sublocus becomes even more compact in erythroid cells of adult fish ( fig. 3B ) when the MRE establishes contacts with the promoters of adult-type globin genes ( fig. 5C ). In contrast, the embryo-larval sublocus is characterized by relatively low density of spatial contacts in erythroid cells of both larvae and adult fish ( fig. 3 ). These differences in spatial organization may explain different patterns of histone acetylation in adult and embryonic subloci ( fig. 2 ). Extensive acetylation of intergenic regions in the adult sublocus may be due to the formation of a common 3D chromatin domain as has been discussed previously (Razin and Vassetzky 2016) .
Strikingly, the 3C analysis does not reveal interactions of the MRE with any of the genes from the embryo-larval sublocus. This result strongly suggests that the embryo-larval genes of the zebrafish MABGL are not controlled by the Genome 3D Organization . doi:10.1093/molbev/msx100 MBE MRE, possibly due to the presence of an enhancer-blocking element between them. Of note, such organization drastically differs from that of the mammalian a-and b-globin gene domains, where both embryo-fetal and adult globin genes are recruited to the same regulatory elements in a developmental stage-specific manner (de Laat and Grosveld 2003; Vernimmen et al. 2007 ). In contrast, in chicken, expression of early embryonic globin genes (a-type gene p and b-type gene e) appears to be independent of enhancers, as promoters of these genes are not recruited to the active chromatin hubs (Gavrilov and Razin 2008; Ulianov et al. 2012) . Basing on available epigenetic data and in silico analysis of 6 . The evolution of globin gene domain 3D organization exhibits a tendency to the formation of globular structures. Embryonic and adult globin genes are designated with light grey and dark grey circles, respectively. The major regulatory element (MRE) of the Danio rerio major globin gene locus and a-globin gene domains of warm-blooded vertebrates is designated with red hexagon. The locus control region (LCR) of the b-globin gene domains of warm-blooded vertebrates is designated with a set of red rectangles. Experimentally validated CBSs are designated with dark blue ellipses. The spatial configuration of the mouse a-globin gene domain and the interaction frequency between the CBSs in the chicken a-globin gene domain in embryonic erythroid cells before globin expression switching are currently unknown. The schematics are drawn based on the data presented in Gavrilov and Razin (2008) , Tolhuis et al. (2002) , Ulianov et al. (2012) and Zhou et al. (2006) . Kovina et al. . doi:10.1093/molbev/msx100 MBE distribution of binding sites for erythroid-specific transcription factors, we did not find any putative enhancers that could control expression of globin genes present in the embryo-larval segment of MABGL. Furthermore, the linear configuration of the embryo-larval segment of MABGL contradicts to the supposition that there exists a presently unidentified enhancer that directs expression of these genes. Indeed, being involved in spatial interactions with a common enhancer, the promoters of embryo-larval globin genes could be expected to be juxtaposed in the nuclear space that is not the case. Hence, we suggest that transcription of the globin genes present in the embryo-larval segment of MABGL is controlled strictly by promoters of these genes.
Taking into account this observation we propose that both a-and b-globin gene domains of warm-blooded animals evolved from the adult sublocus of the MABGL, while the embryonic sublocus was lost in evolution. In this scenario the development of stage-specific diversification of modern globin gene originates as a result of adaptive evolution of ancestral globin genes of the adult type. After duplication and translocation, the ancestral globin gene cluster from MN locus was likely inserted into array of olfactory receptor genes where the embryonal part of the cluster located beyond the insulator was lost as well as all a-type globin genes. Using the Mfold program (Zuker 2003) , computer software based on the analysis of DNA secondary structure stability, we predicted fragile sites in MABGL (supplementary fig. S3 , Supplementary Material online). The strongest of them mapped to between NPRL3 and MABGL. Several other are located inside the embryo-larval section of the MABGL. Disruption of the chromosome at these sites would separate the adult subdomain along with an insulator and one or two embryo-larval genes. In the described scenario, one has to assume that the separated genomic segment was reinserted close to an erythroid-specific enhancer. To this end, it is of note that combinations of binding sites for erythroid-specific transcription factors that jointly might possess enhancer activity may incidentally appear and disappear in evolution (Duque and Sinha 2015) . In case they acquire a particular function, they become fixed in the genome and conserved in the downstream evolution. Interestingly, sequence alignment of mammalian and avian b-globin genes suggests that b-globin gene clusters were generated by independent gene duplications in the bird and mammal lineages (Hardison and Miller 1993; Hardison 2012) . Taking into account the prominent similarity between avian and mammalian b-globin LCRs (Razin et al. 2003) one may speculate that this element is evolutionarily ancient and was present in ancestral locus of olfactory receptor genes already before insertion of globin gene cluster in either avian or mammalian lineage.
Materials and Methods
Cell Culture
The avian erythroblastosis virus-transformed chicken erythroblast cell line HD3 [clone A6 of line LSCC] (Beug et al. 1979; Beug et al. 1982) was grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 2% chicken serum and 8% fetal bovine serum (FBS) at 37 C under 5% CO 2 .
Zebrafish fibroblasts were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 15% fetal bovine serum (FBS) at 28 C under 5% CO 2 .
Zebrafish Maintenance
Wild-type zebrafish (Danio rerio; AB type) were staged, raised, and maintained under standard laboratory conditions as described (Kimmel et al. 1995; Westerfield 2000) . The fish were kept under standard conditions in tanks in volume of 20 l at a temperature of 28 C and illuminance corresponding to a 12-h day and 12-h night. All zebrafish experiments and procedures were performed as approved by the Ethics Committee of the Institute of Gene Biology. 
Gene Expression Analysis
XChIP Analysis of CTCF Deposition
A CTCF motif search was performed using the Biopython motif search method (Cock et al. 2009 ) and the human CTCF position-frequency matrix from the JASPAR database (Sandelin et al. 2004) .
About 10 7 red blood cells were fixed in 1% formaldehyde in the red cell isolation buffer at room temperature for 10 min. 
Transfection and Luciferase Activity Assays
The fragments containing potential regulatory elements were obtained using PCR amplification of zebrafish genomic DNA with the pairs of specially designed primers presented in Genome 3D Organization . doi:10.1093/molbev/msx100 MBE supplementary table S4, Supplementary Material online. The fragments were cloned into the pGL3 vector (Promega Corporation, Madison, WI) in the following order: the test fragments containing the promoter and the F2 insulator sequences were cloned upstream from the luciferase gene, and the test fragments containing the MRE enhancer and the CTCF binding site (CBS4) were cloned downstream of the luciferase gene. All manipulations with recombinant DNA were performed according to standard protocols.
Transfection of the luciferase constructs [1 lg of various test constructs þ 50 ng of pRLCMV (Promega Corp.)] into HD3 was performed using TurboFect V R (Fermentas UAB). The assays for luciferase activity were performed using the DualLuciferase V R Reporter Assay System (Promega Corp.) according to the manufacturer's instructions. The ratio of firefly to renilla luciferase activity was used to correct for the transfection efficiency.
3C Library Preparation
Blood was extracted from 18 dpf zebrafish or adult fish. Fish were euthanized by an overdose of tricaine (ethyl-3-aminobenzoate methanesulfonate, 100 mg/l). For each 3C experiment, a minimum of 10 7 cells was used. The blood was collected into red cell isolation buffer (0.14 M NaCl, 20 mM HEPES pH 8.0, 5% fetal bovine serum, and 100 U heparin/ml) and fixed with 2% formaldehyde (Sigma) for 10 min at room temperature. The reaction was stopped by adding glycine to a final concentration of 125 mM. All downstream manipulations were performed essentially as described previously (Gavrilov and Razin 2008) , see supplementary methods, Supplementary Material online.
5C Primer Design, Library Preparation, Processing and Analysis 5C primers for region 55.84-56.3 Mb of the Danio rerio chromosome 3 were designed for MboI restriction fragments using the alternating scheme in my5C.primers (Lajoie et al. 2009 ). The sequences of the primers are available in supplementary table S1, Supplementary Material online. 5C libraries were prepared in two biological replicates as described previously (Dostie and Dekker 2007) . For the details of experimental procedure and data analysis see supplementary methods, Supplementary Material online.
DNA Fragility Assessment DNA fragility was assessed as the potential of single-stranded DNA to form a stable secondary structure. To predict the free energy of secondary structure, the Mfold program (Zuker 2003) was used. It was applied to each 300-nt window covering Danio rerio chromosome 3 with a 150-nt shift. The parameters were set to 28 C and 1.0 and 0.0 M for [Na þ ] and [Mg 2þ ], respectively. Fragile sites were detected as fragments with free energy <0.01 and 0.05 quantiles for the whole chromosome (Dillon et al. 2013 ).
Data Access
The raw and processed sequencing reads from the ChIP-seq experiments have been submitted to NCBI Gene Expression Omnibus (GEO) under accession number GSE86548 (https:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token¼qrixkyeepvet don&acc¼GSE86548). The processed sequencing reads from the 5C libraries have been submitted to NCBI GEO under accession number GSE87604 (https://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?token¼sxejmksqjvklpcj&acc¼GSE87604).
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
